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SUMMARY 



This study was organized to investigate the physical and theoret- 
ical aspects of pressure wave propagation in high velocity subsonic 
air. 

The laboratory phase of the inves tigation required the design 
of a flow tube to give a constant Mach number and highly responsive 
pressure pickups for use with electronic amplification and record- 
ing, Pressure disturbances of controlled magnitude were introduced 
into the flow tube by rupture of a plastic diaphragm used to seal 
a compression chamber. 

For various shock pressures released into the tube, accurate 
measurements were made as to the time required for the waves to 
traverse the test length of tube u 3tr£am, and the magnitudes of the 
t ressures involved. Vithin the wave front there was found to exist 
a pressure peak exceeding in magnitude the normal pressure P 2 follow- 
such a disturbance. 

In theory, starting with th* b^sic equations of continuity, 
momentum, and energy, an equation w^s developed for the absolute 
velocity of the disturbance front, Essentially the normal plane 
s v oc u pressure ratio-velocity equation ’\i3 found to describe the 

rhenomenon with corrections for tube flow velocity and the two exist- 

« 

ant energy systems - those of the tube flow and of the compression 
chamber. 

One method of analyzing the magnitude of the pressure peak 
"'ithin the shock wave was considered. It was seen from tests that 
the pressure peak underwent a form of diffusion in moving upstream 



into a smaller tube area at a supersonic rate relative to the tube 



flow, 

^his project was carried out during the year 1950-51 by the 
author at Rensselaer Polytechnic Institute, Troy, New York, The 
laboratory tests were conducted in the high velocity air labor- 
atory of the Mechanical "Engineering Department of the school. 
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A 


Flow area of tube* 


p i 


Pressure ahead of disturbance, normally tube flow 
static pressure. 


P 2 


Pressure behind disturbance. 


P 

e 


Explosion chamber pressure. 


p t 


Peak: pressure occuring within disturbance. 


V 


Velocity in ft/sec. of normal tube flow. 


w 


Velocity in ft/sec. of disturbance front relative to 
normal tube flow. 


u 


Absolute velocity of disturbance front. 


M 


Mach number of normal tube flow. 


N 


Introduced here as w/ 


To 


Total temperature with regard to normal tube flow, M 


Po 


Total pressure with rerard to normal tube flow. 


m i 
-0 


Total temperature associated with relative flow, N. 


P * 
1 0 


Total pressure associated with relative flow. 


<r 


Ratio of specific heats. Cp/c v 1.4 C 


A t 


Time in seconds for disturbance front to traverse tube* 


f 


Friction factor associated with hydraulic radius. 


rn 


Hydraulic radius. Flow area divided by wetted perimeter 
Wall angle of tube. 


Upstream 


Refers to the measuring station two inches from throat. 


Downstream 


Refers to measuring station 26 inches from throat. 




Nomenclature of Appendix II is defined and used in 



that section only* 



THE PROPAGATION OF MEDIUM PRESSURE 



DISTURBANCES IN HIGH SUBSONIC AIR FLO'V 
INTRODUCTION 

In the past, considerable experimentation and theorizing has 
been done on the shock tube which sends a compression wave into still 
air and a rarefaction into the compression chamber,, Altho this 
problem is still being investigated, its characteristics are fairly 
well established- 

The next logical step, which was undertaken by the work as de- 
scribed in this report, was to introduce medium pressure disturban- 
ces into moving air and to observe their characteristics as the 
waves moved upstream. Practically, such an investigation would serve 
to add to the knowledge of sudden energy changes as are evident in 
shock fronts, and would find related application in situations as 
quick-closing and opening control valves used on air drive for light 
auxiliary turbine wheels* 

i 

In scope, this investigation was considered to be a primary 
overall physical survey of the problem. Pressure disturbances of 
varying intensity were introduced into air flow in a tube of average 
Mac h numb er 0 „ 8 „ 

Desired data included velocity of the moving wave front, 
pressure ratio across the front, and peak pressure in the front for 
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each intensity of applied dis turbance* To obtain thi" data, a 
special dynamic pressure pickup was designed as one phase of the lab- 
oratory part of this inv stigation* 

'The theory of the observed phenomenon was developed from the 
basic flow equations of continuity, momentum, and energy relative 
to the shock front. Superposition was employed to account for the 
added effect of tube flow* This ap roach was indicated as the most 
feasible way to get "engineering" answers since a mathematical treat- 
ment accounting for all variables simultaneously «ould be very com- 
plex and migl t well in itself be the scone of a complete investi- 
gation,, 

This inv stigation was conducted by th 3 author during the course 
of the school year 1^50-51 in the high velocity air laboratory of the 
Mechanical Engineering Department at Rensselaer Polytechnic Institute, 
Troy, New York* 

'"he author is indebted to m my individuals for their contribu- 
tions to the design and u^e of the laboratory eq lipm^nt „ Snecific 
acknowledgement is given with thanks to Prof* N* P 0 ~ailey for many 
sug, estions on the overall laboratory set-up? to Prof c R c H c Trathen 
on the application of strain gages? and to Mr, 'Tuldo Goy^r of the 
Mechanical Engineering Department metal working shop fnr his fine 



craftsmanship* 
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Fig* 1 is schematic drawing of the complete laboratory test 
arrangement and Fig. 6 a photograph of the test setup* 

The 1 tboratory equipment divided itself naturally into four 
basic groups; compressors and otner laboratory fixtires, the flow 
tube, shoe* producing mechanism, and dynamic pressure pickups with 
the required electronic eq:ipment, 2ach group will be described in 
detail with emphasis on the specially designed items. 

Group A: Comp ressors and basic labora tory equipment 0 

Air was supplied by two six-cylinder Shram compressors , model 
210, rated at 206 cubic fe-t of standard air per minute at 1175 RPM* 
A ’Vestinghouse three phase, 60 cycle, 220 volt, 50 horsepower motor 
with rated full load speed of 1175 RPM was connected by direct drive 
to each compressor. Air from the compressors went t) ru aftercoolers 
into storage tanks with maximum pre^-ure preset for 100 psig. 

The combined air from the two storage tanks was pined into a 
plenum chamber thru coarse and fine control valves in parallel* 
Located in the plenum char.be r was a one inch metering nozzle across 
which a mercury nanometer read pressure drop* In the main compart- 
ment of the plenum chamber was a Weston gas thermometer, 0-220° F 0 , 
and a total pressure tap with line leading to an Ashcroft 0-100 psi 
pressure gage. 

With the Known area of the metering nozzle and pressure drop 
across it, plus total temperature and pressure, the weight flow of 
air could be determined* 'To corrections were ipade to any of the 
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recorded data from the plenum chamber-metering nozzle combination 
instruments due to their permanent mounting which made calibration 
inadvisable, and also due to the fact that all runs were to be made 
under the same flow conditions. 

Group Si Flow tube. 

Fig. 2 shows the mounting end of the flow tube and Fig 0 7 the 
tube in position bolted to toe face plate of the plenum chamber c 

Design considerations are covered in detail in Appendix I 0 The 
tube was designed to give an average flow cf Mach number 0.8 with 
weight flow 0.49 lbs/sec. 

The tube was 32 inches long from th roat to e it, of rectangu- 
lar cross section with inside dimensions uniformly varying from 

% 

.7x 0 9 inches at the throat to l.lx.9 inches at the exit. Tie tube 
proper was fabricated from ^ inch flat brass with sides held to- 
gether by 3/32 inch metal screws placed l4 inches apart. \ bra^s 
flange on the tube at the throat was bolted to the one inch nozzle 
section turned from aluminum stock. The nozzle pi^ce had a five inch 
diameter with eight 4 - inch bolt h )l»-s drilled in a four inch circle 
to permit securing to the plenum chamber* 

The test section of the tube was that portion between the two 
inch and the 26 inch station. Static pressure taps were located at 
2, 10, 18, and 26 inch stations on one vertical wall to permit tube 
calibration. Leads from the four taps went to a common manif&id to 
which vas attached a mercury manometer* On the opposite tube wall at 
the two and 26 inch stations vere ^ inch taps to permit insertion 
of either the dyaamic pressure picknp or the similar pressure sensing 
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element. At the 39^- inch station on the bottom tapering wall was 
the one inch hole for explosion chamber connection with a l/8 inch 
tap directly above for the puncture rod guide, 

A detachable exit receiver chamber in the form of a cylinder 
four inches in diameter and 6*;* inches long was clamped over the end 
of the tube to control the flow characteristics of the tube, Si^ftt 
i- inch holes comprised its exit area over which was centered a brass 
plate with eight similar holes. 'Aie out«r plate could rotate and thus 
control the amount of opening and back pressure. 

Group Co dhock-produc i ng mecha n ism, 

A considerable problem arose in the qu> stion of hov7 to intro- 
duce a disturbance into steady flow without interrupting the flo'«- by 
gadg^try prior to setting it off. Such schemes as detonation of an 
explosive in an expanded part of the flow tube, or firing a blank 
cartridge i^to the end of the t ibe were considered and rejected due 
to lack of control or lack of information as to wl at the effective 
intensity of the disturbance mi^nt be. 

Since the application of plastic iiaphragms had proven so effect 
ively simple in the case of the straight shock tube, it was decided 
to a^apt them to this case, *ig. 3 shows the exit end of the flow 
tube with the shock producing mechanism. 

The shock pressure chamber was a cylindrical tank with inside 
dimensions four inches in diameter and 13 inches long. Filling was 
accomplished by an air hose with chuck flowing tl.ru a conventional 
automobile tire valve fitted to the tank. The tank had a i inch tap 
normally plugged, into v hich the dynamic pressure pickup was inserted 
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for calibration. A U. S. Gage Co. 0-100 psi gage indicated tank 
pressure.^ This gage was calibrated by dead weight tester with results 
shown in *ig 0 10* 

A flanged one inch pipe with *\ inch inside diameter was screwed 
into the tank top. 'The flanged top had cut in it a 1} inch diameter 
recess for holding th^ plastic diaphragm,, A mating flanged pipe led 
to the flow tube, Upon insertion of the diaphragm, the flanged niyfe 
ends were secured together with si:: l/3 inch bolts set in a 2 1/16 
inch circle, This arrangement gave a very tight fit with apnreciable 
1 callage around the diaphragm only at the hi^ier pressures. 

oet in the top surface of the tube was a gland guide thru which 
a 1/16 inch puncture rod with sharpened end centered over the 
diaphragm* A sharp rap on the puncture rod very cleanly ruptured the 
diaphragm sending the high pressure disturbance in at ri{j~ t angles 
to the flow in the tube* 

Clear cellophane diaphragms of c 001, .003, and <005 inches were 
tried* The e 001 inch were effective for tank pressures of 15 to 35 
lbs* gcige under non-flcw conditions but would not stand ur under 
tube f 1 o vr vibrations long enough for standard test conditions to be 
established and data taken* The *003 inch plastic was used from 35 
to 65 psig tank pressures, and the o 005 from 65 to maximum r/ailable, 
about 93 psig* 

The tank was filled usually about 10 psi hi^. er than the test 
pressure desired to allow for leakage while tube flow was being 
established* It necessary to fill the tank prior to starting 

tube flow since only about 50 psig was available for the tank if the 
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tube were flowing* 

G-rou'o Ds Pressure pickups and electronic reco rding apparatus . 

The dynamic pressure picklip was designed from considerations as 
given in Appendix II to meet size limitations of the tube and elec- 
tronic response characteristics of the Hathaway amplifier and 
o c cillograph combination. ?he pickup, as shown in r ig, 2 t is of the 
flush-mounted type to give the most accurate response with least 
disturbance to the flow. A .0 30 irch br^ss diaphragm was tinned to 
the base plug leaving a 9/l^ inch irner diameter on 'hie h tc mount 
the sensitive element. The plug was threaded for 4 inch with a hex- 
agonal top. T Vith the proper washer, the diaphragm «as flush with the 
inner tube wall. 

Calculated natural frequency of the pickup was 1^,460 cycles per 
s econd* 

SH-4 . aid -in Southwark type A - 8 strain gages, gage factor 1.76, 
resistance 120 oohms, ^ere selected on the basis of their good temp- 
erature characteristics, frequency response ( known up to 50,0^0 
cycles), and rugged reliance. The inner diaphragm surface was roughed 
with vnry li^t sandpaper and cleaned with carbon tetrachloride. The 
strain elements were mounted in the diaphragm center with duco cement 
and allowed to dry under pressure for a period of 73 hours. One lead 
from the striin gage went to an insulated terminal, the other ground- 
ed to the plug. Two such units were made* 

One unit '-as designated the dynamic ' ressure oiekup and used 
exclusively with the Hathaway MRC 15 C carrier amplifiefc to measure 
actual pressure. This amplifier had' a guaranteed flat response from 
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0-1500 cycles per second, With a dummy g: ge it formed t to external 
legs of a bridge to which was fed 4200 cycle volta e from a built- 
in oscillator Five volt bridge voltage with J attenuation was used. 

The other unit was usea as a pressure change sensing element 
-nd formed one leg of fin external bridge with two legs 120 ohms 
and two 500 ohms. The other 120 ohm log was actually a potentio- 
meter used to balance the bridge. A Q 3n volt battery supplied the 
bridge thru an off-on switch. This element ^ave output only for a 
change of pressure when a generated a.c. signal fed into the MR015A1 
a.c. amplifier. It was thus used as a time marker at the station 
opposite the dynamic riclcip, '"his die band amplifier w a s designed 
for use with -"train gages and had a guaranteed flat res, onse 3-50- 0 
cycles per second. v 

The MRC15C an! MAC 15 AC amplifiers were combined into in I.fdClG 
control unit containing amplifiers, power supply, oscillator, and 
bridge bal- ncing controls. It was manufactured by the Ha thaw, ay 
Instrument Co. , Denver, Colo. The two-ch,inn«l output of the c )ntrol 
unit fed to the f i ve-oh.irnel Kath&wa; recording oscillograph 3-14A, 
The time pulse from the a-c, amplifier fed to the oscillograph 
channel one with a type 0A-? one ohr galvonoraeter of natural fre- 
quency 5500 cycles and maximum current 50 0 mi 11 lamps. 

The dynamic pressure signal fed to ch.annel three with an 0A-3 
seven ohm galvanometer of natural frequency 3500 cycles and 100 
millianps ra- ximum current. 

Recordings from the oscillograph were made on Kodak 800 Lin- 
ograph paper driven at 4 n inches p-~r second. 
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The dynamic pressure gag 1 was calibrated using the corrected 
pressure of the tank gage a" reference* Calibration is shorn in 
Figo He A recalibration after being used for record runs showed 
no change frcni tli e original. 

Fig, 8 is a photo of the component parts of the tube anil 
shock producing mechanism with the pressure pickups and leads. 
Procedure^ 

Nine runs were made with the Jynmic gage at the upstream 
station and six recording from the downstream station* Each 3eries 
of runs covered the pressure nrnge from about 35 to 85 psig shock 
tan.< pressure* 

With all the equipment in position and compressors on* the 
procedural technique for each run involved the adjustment of three 
separate systems* 

First, the electronic system was put in ready ;ondition by 
adjusting bridge voltage and attenuation, and balancing i' put a nd 
o^t;ut circuits of the KCIC15C unit, Then the Tlj volt Ml^'l^AC supply 
was turned on, sensitivity set, and film shatter of V q oscillograph 
opened.. These steps re resented the rain inrun preparation for each 
run. Prior to each series of runs, the pressure fic/Uips, amplifiers, 
and oscillograph had to b^ completely checked for operabi li ty. 

Second, the shock tank was filled to about 10 psig above the 
desired pressure. 

Third, the flow of air thru the tube was set to the predeter- 
mined value by adjusting plenum chamber pressure with the entering 
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air flow valve simultaneously with pressure at the two inch tube 
station by use of the variable exit area control. 

’.Vhen flow thru the tube had steadied, the shock tank pressure 
was set, and the run triggered by turning on the master oscillo- 
graph switch and tapping the puncture rod to rupture the diaphragm. 
Altho each run required extensive and careful preliminary steps, 
actual full oreration lasted only about lj seconds during which 
time five feet of film was exposed. 



RESULTS AMD DISCUSSION 
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On the Design of Equipment. 

As much a part of the results as the oscillograms was the per- 
formance of the equipment, in particular the flow tu e and the 
pressure rickups especially designed for this series of experimnnts 0 

Figc9 shows the tube calibration with and without the exit 
chamber receiver* The fact that the tube gave supersonic flow with 
a free exit indicated a critical nozzle section with probable separ- 
ation of flow at the throat. Three different nozzle entrance config- 
urations v-ere tried with no measurable difference* A reduction on 
plenum chamber pressure moved the shock back to between the 10 a nd 
18 inch stations* The next change with reduced plenum chamber 
pressure gave low subsonic flo" thruout. 

The simple remedy wa°> to exhaust into an exit chamber by which 
exit area and back pressure could be controlled. This eliminated the 
supersonic tendency but showed that the tube was actually a diffuser 
with too much built-in area increase 0 

The assumed friction factor of o 0'j7 was the determining factor 
in deciding the area change gradient over the length of the tube 
necessary to give a constant Mach number. The clue to a probable 
more correct value lies in ^ig.9 showing flow of nearly constant 
Mach number about l c 2* From Appendix I, 

— j- - fan o( 

From this, a value 



f' *-!*?*■ - .00311 
if A» l 
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is indicated. For smooth circular tubes of constant area, f is 
usually o 005 or a little less c In diffusers it supposedly is greater 
depending on the actual amount of fri tion and divergence of tube 
walls. In this case since only enough area increase to give constant 
Vach number was desired with no diffuser action, a value of o 004 to 
0 005 would probably have given the desired flow. 

”'ith allowance made for a friction factor of e 007, one possible 
roluti m was to introduce additional friction, The interior of the 
tube was coated with shellac and fine sand blown in. x ’he result of 
this tr^atme^t was to give a constant M of slightly greater than <>8 
between two and ten inches with increasing diffuser action toward 
the exit. Several different applications of the shellac-3and combi- 
nation gave generally the same resalts. The obvious conclusion was 
that with small cross-sectional area, roughing the walls produced 
the desired effect, but in the larger areas toward the exit, the 
add e l turbulence **nd ^ricti m near the walls did not affect the 
already turbulent flow. 

For record runs it was decided to keep the nearly straight 
line M variation. Accordingly the tube was cleaned out and used in 
its original smooth condition. 

The measurement of short time transient conditions always 
raises the question of whether the results are qualitatively and 
quantitavely correct. If it were possible to calibrate the measur- 
ing instrument under the dynamic conditions, then probably the 
calibration method could be allied to the problem in the first place 
and instrumentation worries eliminated. Unf ortunately no direct 
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metnod of riyn;jnic calibration exists. 

In the pressure-time measurements of these tests, the frequency 
chain seemed satisfactory. For the calculated frequency of 16,460 
cycles per second of the dynamic pickup, w is associated a 4200 cycle 
bridge voltage, guaranteed amplifier flat response of 1500 cycles, 
and qalvonometer of 3500 cycles natural frequency. *he similar 
pressure change sensing element fed thru a guaranteed flat 5000 
cycle a . c . amplifier to a 5500 cycle galvonome ter 0 

From ^1^.4, the duration of the transient condition is sho’^n as 
about 1/10 0 second with an interned! :te peak at the upstream tube 
end, w’ ile at the shock end, Fig. 5. the pressure change Pi to Po 
is indicated as oc curing in about 1/1500 seconi. 

Oscillograph Data, 

The oscillograph records, a3 sho m in Fig* s 0 4 and 5, are rep- 
resentative s 'moles of the series taken at each end. Time was measur- 
ed from th*» start of the pressure change at each station which in 

♦ 

all cases was a M, ell defined break. Pressures were measured with 
reference to che static pressure of the normal tube flow at each 
measuring station ahead of the disturbance. 

From the oscillograms , three significant but iot rrelated items 
of datn were obtained for the different explosion chamber pressures 
rith tube running under the same conditions of average Llach number 
e 727 c lie peak pressure of the disturbance, the pressure ratio 
across the: distuibance, and th e time for the disturbance front to 
traverse the two fo)t test Sr-cti n are summarized for each explosion 
chamber pressure, P e , in Tables II and III and given in graphical 
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fo-n on Fig's, 13, a nd 14. 

In Fiea 12, except for run 3 at P e - 5’V\ all the oenk 
pressures, P^, show consistent results with the slcoes of the curves 
d^c^easing at the higher P e * \t the uostraam station there appears 
to he an asymptotic limit to the peak pressure of about 36 psig„ 

The A t-Ps/Pj^ data for run 3 as shown in *'ig ; 16 appears to be 
conei start, however. It is apparent that the effective ? e was 38.2 
prig rathe^ than 52 probably caused by a partial rather than c om- 
plete olastic d i aph ragra rupture on this run. 

The absolute pressure ratio magni tudes before and after shock, 
with run 3 corrected as before, show relatively smooth data plotted 
against P e in Fig. 13. Beginning with a pressure ratio of 1.7 there 
is an increasing divergence between upstream and downstream readings 
with increasiny P fte This difference will be analyzed later. 

The At-F e plot of Fig. 14 was the only lot where the d\ta of 
all runs could be put irto one curve, fhe smallest time increment 
measurable was .0^0125 seconds altho .00025 seconds was a mor prot- 
able limit for accuracy. In the region of hi^Jier explosion pressures, 
the joints showing greater time of traverse, At, were taken with 
the dynvric gage at the upstream station and the shorter tinv-s with 
the dynamic gage at the downstream station. The smooth curve was 
faired in giving all points equal '-eight. 

In Fig. 15 time of traverse is plotted against pressure ratio 
across the disturbance. Here sow sc ttering of test data becomes 
apparent, . To see the most probable relation between these two vai^- 
iables, the following procedure was used. For any one At, there 
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*as on? corresponding explosion chamber pressure. Therefore P e became 
a common parameter. From Fig. 13, for each run with its associated 
P Ct the pressure ratio was corrected to the faired curve* Similar- 
ly, in *ig e Id, the time of traverse was corrected to the faired 
curve ; ; t the same P e * Table 17 gives the data for each run so cor- 
rected o 

The time of traverse was changed into velocity u by dividing 
the distance of two feet between measuring stations by the-At c For 
comrarison with theory, it was desired to use a velocity ratio 
u ^ HT 0 where T 0 i - the total temperature of normal tab* flow. 

Since Tp varies with Mach number thru the tube and T 0 ® varies with 
explosion chamber pressure, T 0 is the only available constant temp- 
errture parameter on which to base data from all runs. 

The data of Table IV, u/Vg^HT G versus P*>/Pl, is clotted in Fig* 
16, For any one value of u/ |Tg HT 0 r the c orrespondi ng ?o/P]_ values 
at* each measuring station are r-^ad as abcissae. 



Theory and Test. 

From Ap endix III, Equation 31 for velocity ratio is developed, 
f? ft 4 7 
■ (§) **• 
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u were moving into a stationary shock region. Thp tern (C) accounts 
for the shock disturbance moving into an opposing flow 

The additional factor (A) corrects the velocity u for two 
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eristnnt er,er^ r levels; one represented by T 0 the total temperature 
of normal tube flow, the other by T 0 1 associated with the distur- 
bance moving at velocity with respect to tube flow as motivated 
by the explosion tank pressure. 

This expression would give an average velocity for an average 
P 2 /?i existing over the test section, ^he oscillograph records were 
limited to giving an .average velocity. A plot of Scu 31 was m-^de by 
using P e values and the correspond ing average P^/Fi between upstream 
and downstream stations from. Fig 13. Tills gave a curve of shape 
similar to the upstream test curve of Fi 16 which immediately 
indicated that cressure ratio data from the downstream station near 
tie shock inlet was not truly representative of pressures on either 
side of a normal shock front* 

So. 31 was replotted for various Pp/Pp using the corresponding 
shock tank pressure which gave each pressure ratio at the upstream 
station. From Fig. 16 it may be seen that this theoretical treat- 
ment is in close agreement with te3t data. Friction, which is a 
function of physical flow, and the heat transfer involved in the 
shock ressure tank were not incorporated into the theoretical 
enuatioHo 

In discussing the shock tube utilizing a plastic diaphragm 
ru ture, Ref. (R) states that the tube gives a plane shock wave, 
the shock is not greatly attenuated in travelling up the tube, and 
turbulence effects are small for some distance behind the shock 
If these statements be assumed to ao ly to the current shock invest- 
igation problem, the considerable attenuation of the shock strength 
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Pp/Pl c,p own in 16 is regain indicated to be unreasonable 0 

In reexamining the data taken at th^ downstream station, tyrdcal 
of which is Fig. 5 , the pressure labelled ?2 now be se^n in a 

dual role c Since, with but slight increase, it persisted until after 
the disturbance reached the unstream station, it was assumed that it 
was the P p associated with pressure change thru a normal shock front* 
However, in the light of the foregoing analysis, it is more orobable 
that this Po is the peak pressure of the distursa.ee transmitted 
down the tube and corresnonding to the Pt as observed at the up- 
stream station. 

It is concluded that the P3/P1 downstream data plotted in Fig* 3. 
27 , 16 , and 16 does not represent the pressure ratio associated with 

normal shock fronts which is the pres 'ure ratio used to exr lain the 

velocity of 'mve propagation here existfint. The downstream measuring 
station was 3 * inches from the shock inletc "his distance was aooar- 
oiitly too close for the pressure wave to develop into the shaoe as 

shown in rig, 4 for the upstream station. 

From the data, available, the wave shape of the pressure dis- 
turbance as it moves uo the tube is shown as 
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For given tube flow conditions, Pp/P ± has been sho^vn to be the 



factor governing velocity of the disturbance. 

In Kef. (i) and others dealing with the straight shock tube, ' 
oscillograph records show no such peax a s is brought out in Fig. 4 
between P^ and P?. Their *mve front is simply pictured as a pressure 
step from P^ to Fo. This is reasonable since only one energy level 
exists* The element of the opposing kinetic energy is not present 
as it is in the current situation. 

The peaK pressure light be viewed as resulting from the accel- 
eration of oir at rest in the explosion chamber at pressure P e to 
the hypothetic l 1 velocity wp — u +vi in air at rest with temperature 
and pressure corresponding to total temperature and pressure of the 
actual tube flow. 

In terms of conventional air flow, ^from Ref. (A), such an 
acceleration would result in the pressures and Mach number expressed 



In Aorendix III, Fq. 34, the velocity pressure ratio relation 
is developed as: 




Adapting this to the special case at hand 




where N is introduced and defined as 
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or 
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>Yith T]_/j? 0 that of the normal tube flow* 




and 




2T 

"S-< 



If P 0 ' is considered to be (P 0 Y~P e ) in terras of absolute 
pressure, the theoretical curve as shown in *ig. 12 results, ^he 
order of magnitude and shape agree with test except at the higher 



right be imagined by considering two opposing air flows stagnating 
on an object anchored in the stream. 

The increase in Pt in going from the downstream to the up- 

# 

stream station is physically understandable due to the fact that 
it is associated with a supersonic flow of velocity wi relative to 
the tube flow. In going into a smaller area, it in effect is being 
supersonically diffused with a corresponding pressure increase. 

It is to be concluded that this method of introducing a shock 
wave into moving air is practical and effective. However, due to 
the flattening P 2 /P 1 upstream charact eristic Shown in Fig, 13, little 
pressure ratio would be gained by increasing the explosion chamber 
P re ssure past values used in this experimentation. 



explosion chamber pressures. r ^he concept of such a total pressure 



CONCLUSIONS AND RSCO^iENDATIONS 



As a result of the tests conducted with medium pressure dis- 
turbances moving into high subsonic air flow, it is concluded that 
strain gages provide a versatile pressure pickup element with ease 
of use dictated by the amplifier-recording equipment despite the 
preference of many investigators for quartz crystal pickupfe. 

Introduction of pressure disturbances at right angles to the 
air flow by rupture of a diaphragm is a satisfactory method for 
explosion chamber pressures of between 35 and 85 psig. Additional 
pressure would give but little increase to the pressure ratio across 
the disturbance wave or to its velocity 

^y theory and comparison with results from the shock tube, the 
pressure ratio data taken at the shock end of the flow tube is inval- 
idated due to the proximity of the pressure pickup to the shock inlet 
and not due to any limitation of the strain gage pickup. A pressure 
measurement station must be sufficiently removed from the shock 
inlet to illow formation of the pressure wave it is desired to 
observe. 

The validity of superimposing an initial flow on the velocity 
of a wave from a shock tube is substantiated within the limits of 
the measuring techniques used 0 The absolute velocity of such a wave 
propagating into moving air is a function of the pressure ratio 
across the distur ance, tube flow velocity, and the two energy levels 
represented by the total temperature of the tube flow and the total 
temperature of the explosion chamber. 

^\ltho non-existant in shock tube experiments, the propagation 



of a shock disturbance into moving air produced a peak of pressure 
within the disturbance of considerably greater magnitude than the 
pressure immediately behind the shock. A qualitative method of 
calculating this peak is indicated possible by considering such a 
pressure to be the static pressure associated with accelerating a 
flow from rest at a total pressure P 0 1 to a velocity w with respect 
to the normal tube flow* Furthermore, it is indicated that this peak 
pressure is diffused by moving upstream into a reduced area region 
at a supersonic velocity relative to the tube flow* 

A new parameter which is of considerable use is introd iced and 
defined as N = , the ratio of shock velocity rel tive to the 

flow into which it is going to the energy of the gas expressed in 
terms of the absolute total temperature of the flow. 

It is recommended that this study be continued specifically 
with the aim of propagating pressure disturbances into flow of 
constant Mach number to observe any attenuation tendencies and to 
more closely determine the velocity of wave propagation. In such an 
effort, more than two stations along the flow path should be instru- 
mented, and a more time-responsive unit such as a multichannel 
oscilloscope with camera recording used to observe results. 

A further interesting variation would be to propagate the 
waves into sli#tly supersonic flow. 

It is also suggested that a more comprehensive mathematical 
analysis be tried, starting with the physical situation as it exists 
rather than relying on superposition. 
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APPaiDIX I 



FLO'.V TUBE DESIGN CCWSI DERATIONS 



From Ref, (a) , for a diffu3er or nozzle with friction, the 
expression for velocity gradient is developed and given as 



dj> 

dt- 




ft* A? 




Since 

it _ /W_ 

l fJrfT* | /77 <iiW r 

a tub© under stead;/ flow conditions at constant Mach number wiP 

have a constant velocity. Then - q and 

dx 

fVA / 1 ^ ± 

Z >m A dX 

or 

/jrAT 1 = <JA 

2. AdZ 

For a tube of rectangular cross section with equal wall 
angles ( °f ) j 

— ~ /an (X -- Constant 

z 

Design for conditions; 

M ^ 0.8 W i^Tp ^ 7788 

A P 

f = o007 (assumed) 

^max * 0®49 lbs/sec from two Shram compressors, 

T 0 = 95° F - 555 ° R. 

Tuoe length - 32 inches . 

Exit conditions: 



^exi t ^ 14,7 psia, 



AI- 



o 



vJffb {.49)^' 

Max. Agxit = 7 : — - 7 — 

mee^ J?88 (/4.7) 

Tan « . (.0°7X/.3f *)( **)' . ^ OJ/z 






Specify? J' > 

A exit = 0.9xl o l in 0 - , q 9 in 2 

Th * 5 decrease per side of the rectangular cro°s section on 
going from exit to throat is 2L tan C* ~ . ?0 in 0 Dimensions of the 
cross section at the throat are then 0. 7x0.9 in P “ 0.63 In 2 . 



W s 



, 77 e8 (-</9)(/4'7) 



-- - . 48 Z 



/b 



)JVTr ' *ec. 

Construction of the tube is facilitated by using a single 

taper instead of the double taper. If the throat and exit areas as 
com. uted are maintained 

Throat 0.7x0 c 9 in - 0.63 in^ 

Exit 1.1x0. 9 in. = 0.99 in 2 

by using a single taper, the maximum deviation in area from the 
double taper is l.'S* occuring at the center of the tube. One pair 
of tube walls then has a constant inside dimension of 0.9 in. The 
other pair tapers from 0.7 in. at the throat to 1 6 1 in at the exit 
Static pressure taps located at 2 t 10, 18, and 36 inches from 
the throat have corresponding cross sectional areas? 

At 2 in. 0.9x0.725 in - 0.6525 in 2 . 

10 in. 0.9x0.825 in. = 0.7425 in 2 . 

18 in. 0.9x0.925 in. r 0.8325 in 2 . 

0.9x1.025 in. s 0.9225 in 2 . 



26 in. 
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APPENDIX II 

FLUSH-M0UNT2 D PRjSSPHjfl PICKUP DjSSIGN A.NU ANALYSIS 



Design limitat i ons £ 

Circular diaphragm of radius 9/32 inch. 

Maximum diaphragm strain of 600 mi ^roinches/inch at the center 
as dictated by material and strain gage amplification equipment 
Strain gage mounted at the center*, 

Maximum pressure of 100 psig but good response desired for 
pressures as low as five psig 0 

From Ref.(^), consider the diaphragm as a plate with clamped 



stress 

Poisson’s ratio 
G * strain 

£ - modulus of elasticity 
For a disc with clamped edge* 



edges 




h - diaphragm thickness 



- Deflection at center 







All -2 



As an approximation, consider the center of the diaphragm to 



p e essentially flat and stressed by simple tensile stress. Then 

e, .. = ( v-. , <r„. (< y?) 

- VM ffa.' 

/I 1 ^ /6 / * 



<V - 1 

K '° s 






if */©' 



micro fj 7 
/r?. 



For s 

Material? Brass,, 
E = 14xl0 6 psi „ 





* .3 




a 


* .281 in. 




h 


= .020 in. 




<s.. 


- 


/bi 

t* x 




4.8tq 


srjtcro t'*o 
(1 



To see the effects of a low pressure of five psi and a high 
pressure of 100 psi s 



q psi 


5 


100 


<U'* 


481 


9620 


£ <J.Z o 


24 


481 



These strain limits could be covered with one gage voltage and 
attenuator setting for use with A-8 type strain gages and the Hath- 
away strain gage amplifier and oscillograph. Stress values are 
indicated within elastic limits for brass 0 
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Frequency analysis; 

F"'orn Def (C), the natural frequency of a circular disc rigidly 



clamped at the edge is givers 

\hP \/ Z + /-464 <2.1 
S-iTcl ]/'*(* V <T ft ! n L 






<X r 10.21 for lowest mode of vibration. 

CL - .079 in2. Radius squared. 

4-0. Correction for differences in fluid density. 

^ - 32.3 ft/sec2. Gravitational constant. 

P 10.24 lb-in. = Sh 3 / 1 2(lyM- 1 ) c 

3^ - 534 lb/ft 3 . Wt. per 'unit volume of diaphragm material. 
h - .020 in. Thickness. 

CC, = .000476 in, = qa^/S^D. Deflection at cente r for 50 psig load. 
"<’ith t' ese values, the natural frequency is calculated to be 
16,460 cycles per second. 
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APPENDIX III 



DERIVATION OF THE PRESSURE UVE VELOCITY EQUATION 







U 








For the assumed condition of flo"* of constant 'fetch number thru 
the tube prior to the introduction of the pressure wave, , T^, T 0 , 
and P]^ are also constant,. 

The disturbance in going upstream with absolute velocity u 
moves ^ith velocity w relative to the tube flo w velocity. For a 
stationary disturbance, w would represent the tibe f 'ow velocity 
ahead of the di s turbance. For a di°turbance moving into a stationary 
gas, w would be the velocity of the disturbance. 

In writing the idealized equations, the disturbance is assumed 
to have no thickness so that flow passes thru the disturbance at 
constant flo^ area. Also, it may be rationalized that the increase 
in tube area from the throat, determined in Apendi r I as necessary 
to hold constant Mach number, is needed only because of friction. 
With the elimination of friction from the equations, area change 
is also eliminated. 



Continuity. 6 p, u* { - ^ 

Momentum; p t t 1 - ^ u>^ 



iinergy i 



from which 



di + dQ - c dr * -h dus- 
p 

C p r < t -f- - CpTl + f uC 

J S p ^ 



<f-t t/ 



O) 

U) 

( 3 ) 



All 1-2 



j?, *9* * 



u}' X + 2 «^ l 

<**-/ p>, 






= ^ <■ 



f % «9 r ' 

2f A< 



t-l 



(4) 



\ 



Divide >’q.(2) by (1): 












f rom which 






Jv 

/J 

^ 1 
& 
1 


(3, Vt, 




Multiply thru by (u>; 






U>, x - ur^ , (uf, * 


t\ /? -7 

p.ur, J 


<7> 


Combine this with the energy Eq„(4)' 




- -p- 7 

L Px ^x. (■>. ur, J 


2^ r/i . /? 7 

<r-/ / Px (°t j 


<e; 



From Eq. (1) ; 



<^i = 



p tf. 

e- 



i;q » ( 8 ) becomes: 

r * (\lL f '' ur - 



1% 



aa. 







- ^ 

Px 



_/? 7 _ Iffe-Kl 

pvj if -I Lf*. ?■ J 

13? r~ & 7 

3 <r-/M r! J 



+ i* p 7 = / 
W Px 



j 

r* l <r-/ 

a a . *>*(% -<) 



p. 






l« 

. K<-1(p) 



W) 

Oo) 

O') 

(/ 2 .) 



This i3 the Rankine-Hu^oniot Equation relating velocities 
and pressures on either side of a normal shock front. 

From Sq. (3) : 




^i X ' 
£.Jg 



9 <3 - *-> 
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Also 



= 


^ r-t 




~r.) 


f L* 


n 


0 ' o > Vi 






- z. 


l 0 

f 






<?-> 


£ 


/? 

<^ 


J 

<f-t 


Cjtft?T 0 - 1 u) K 


<t 


Px s 
Px 


J 

tf-t 


Cjtfh - { or^ 



From Eq.(l5) and (16)? 



n -- Mug. - ^ 7 

/. er z** 1 J 



Substituting these expressions in ia.(2)s 

9 **?' *<] ■- P./jv ^<"1*7 

Then from continuity, 3q. (1) : 




$f#7 0 = iflto^-u r ^ 
a;, - ur t 

*v, 9^ -- «r t 






&6>) 

07) 

C/8) 

(/<?) 

( 20 ) 

uo 

w 

( 23 ) 



"his is the Prandtl Relation correlating flov velocity ahead 



of and behind a normal shock. 

Development to here vas adapted from Ref's, (a) and (D) , 



All 1-4. 



For t v ’ e case under consi gnation, the disturbance is moving 

at absolute velocity u into a flo-v of velocity v. T 0 1 no'» refers to 

the total temperature associated "dth velocity ’"i. 

/U I - /la/,1 - Il/J 



or 



u/ t = u i- L/ 

From Sq.(33) and (12) s 

u/. 



k t, 



U>. -- «/, 



y 



, f v/t! tO 






L V V ' 

r -t 



Substituting (.25) in (.26)? 






or 




0-4) 

<**) 

uo 

(it) 



Us) 



U _ 

It is desired to get an expression for the velocity ro t i o , r Q 
since T Q remains constant while T 0 ‘ varies -dth the explosion 
chamber pressure*, With the air in the explosion chamber coming from 
the sane soiree as air in the f 1 o tibe, their temperatures an \ 



pressures are linked ideally thru the adiabatic relation 

To' 



LU-l/f 



— x /£$ ) <r 

T 0 V / 

>-/ 

O O'^'o (p± \ * 2~ 
V/ <rv/ 




U«) 



(Jo) 



Then 



All 1-5 



(J 



-// rtJ 3- 
' <r-' & 






( 

/tf- :V? 1 



( 3 I) 



Consirier the shock moving with speed into still air, Then 
converting T 0 ' to by 



= // dj if$l 

t, 2 . yt&r, 



Eq„(27) becomes 



ft-! fi 

2- / ' f /=} 



<3*ZT, 



4hL 



ar-/ 



y-/ 



<rv/ 

#-< 



(3iJ 



6^) 



, (frV/j.5 y (*-/) 

< 3 *#r, ~ — -5- (34) 



TABLE I 



FLOW TUBE CALI SEAT I ON DATA 







Without exit 


‘ r ith exit 






Receiver Chamber 


Receiver Chamber 




Chamber psig • 


22 


33 


Plenum 


l — i 

Baronu psia 


14.7 


14.58 


Chamber 


Total Press. P 0 


36.7 


36.58 


Data 




563 


559 




AP ? xt »Hg 


11.0 


11.0 


Metering 


AP psi 


5.41 


5.41 


Nozzle 


^inlet P 9 ^ a 


43.71 


41.99 


Data 


.Pi/Po 


1.148 


1.148 




^nozzle 


0 450 


.450 




ap 


.421 


.421 




v ! lbs/sec 


.508 


.511 




"Hg gage 


*-0.7 


'■11.2 


2" Station 


P psia 


15.0 


20« 09 


A 1 . 6525 


WT7b 

AP 


1.220 


.921 




M 


1.179 


.928 




"Hg gage 


-2.6 


*15.0 


10" Station 


? psia 


13.4 


21.96 


A * . 7425 


AP 


1.200 


o 740 




M 


1.163 


.764 




"Hg gage 


-5.1 


y- 16.6 


18" Station 


P psia6 


12.2 


22. 75 


A - . 8325 


w \fj» 

AP 


1.177 


.636 




U 


1.143 


.665 


* 


"Hg gage 


' 4.2 


r 18.2 


26" Station 


P psia 


16.8 


23.53 


A - . 9 225 


w \r% 
AP 


.772 


. 557 




M 


0 794 


.588 



p 

pi 

2! 



CO 

w 

5? 

g 

o 

P, 



CO 

r P • 
c_» 



o 

Eh 

<3 

Pi 

O 

3 
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c 


CO 


CO 


in 


rH 




CD 
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a. 


00 










o 




£> 


P- 


in 


P- 


c 


rH 


c 


00 


c 




cv 


rH 


CD 


co 


CD 


CD 
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CV 


CV 
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C 


c 


C 


c 


c 


c 
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o 


o 


c 


o 
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e 
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c 
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c 


e 
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c 
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and % are psi above P, at measuring station 



TABLii III 



TEST DATA. 

( Corrected to 14.7 psia atmosphere; Tofi ow 552°R. ) 



1 


2 


3 


4 


5 


6 


7 


8 


9 


Hun 


P e c orr 


P* 


Pt 


Po 


?2 


J_2 


u 


Ji - 




psig 


psig 


psia 


psig 


psia 


Pi 


ft /sec 


l/g*RT 0 


DYNAMIC GAGE at UP3TR2AM (2") STATION 


2 


33c 4 


21.4 


36.1 


19.1 


32. 8 


1.622 


457 


.397 


12 


39.3 


26.0 


40.7 


20.1 


34.8 


1.722 


540 


.469 


6 


43.2 


27.4 


42.1 


20.1 


34.8 


1.722 


567 


.492 


3 


52.0 


25.4 


40.1 


19.4 


34.1 


1.689 


536 


.466 


13 


53.0 


30.9 


45.6 


21.4 


36.1 


1.788 


656 


.569 


7 


62.7 


33.4 


48.1 


21.4 


36.1 


1.788 


643 


. 558 


4 


72.5 


34.7 


49.4 


21.4 


36.1 


1.788 


658 


.572 


1 


79.3 


34.7 


49.4 


21.4 


36.1 


1.788 


692 


.691 


5 


85.2 


35.4 


50.1 


22.1 


36.8 


1.82? 


658 


. 572 






DYNAMIC GAG5 


: AT downstream 


(26") STATION 




8 


33.4 


22.9 


37.6 


22.9 


37.6 


1.592 


477 


.413 


10 


48.1 


27,6 


42. 3 


27.6 


42.3 


1.790 


627 


.543 


14 


57.7 


28.9 


43.6 


28.9 


43.6 


1.843 


671 


o 582 


11 


67.6 


30.3 


45.0 


30.3 


45.0 


1.904 


743 


.644 


15 


74.4 


31.5 


46.2 


31.5 


46.2 


1.954 


747 


.648 


9 


83.2 


32.9 


47.6 


32.9 


47.6 


2.010 


757 


.657 



At upstream station: 1} = 5.51 psig = 20.21 psia. 



At downstream station: P, = 8.95 psig = 23.65 psia. 



TAB Lii IV 



PELS 3UR£ RATIO. 3P6ED RATIO DATA 
FRUH FAIRED TZST CUHVS3 



1 


2 


3 


4 


5 


Run 


corr 


P2 




u 




psia 


, Pl 


sec 


V/s 


UPSTR2AM (.?") STATION ' 


3 


48.1 


1.610 


.O'M 37 


7N. 

b 

o 


13 


54.0 


1.696 


. 00370 


.469 


6 


57.9 


1.737 


. 00348 


.498 


3 


66.7 


1.683 


.00373 


.458 


13 


67.7 


1.734 


. 00305 


. 563 


7 


77.4 


1 . 798 


.00393 


.593 


4 

i .... 


87.3 


1.80 2 


. 00387 


. 604 


r- ■— — ■ 

i 


94.0 


1.803 


.00185 


.600 


5 


9°o 9 


1.805 


.0^383 


.619 


t 


DOYNSTE 


t£A7 (36 ,f ) STATION 




1 ’ 

ft 


48.1 


1.610 


. 004.27 


.407 


10 


62. 8 


1.790 


o 0032 ? 


. 538 




73.4 


1.851 


. 00 3° 3 


. r 89 


j n 


83. 3 


1.907 


. o ooa' 3 


« 600 


15 


8°. 1 


1.943 


.00936 


. 607 


9 


97.9 


1.988 


.00284 


.611 




Setup. 



Jb 



*»i¥> 

£ a I 



k 9 ' 

V * 



V 

o 

ft 



I 




(DotyA/srJt£AAf)J!vvD. 



FIG. 6 



GENER AL VIE'V OF TE ST SETUP 

At the left is the lathe bed which supports the plenum chamber 
to which is bolted the flow tube. On the table to the left is the 
Hathaway S-14A oscillograph with the MRC 16 control unit to the 
right. Small metal box between houses the external bridge circuit 
with lead to the pressure sensing element,, 



FIG.O 



PI 3 A.S GAMBLED VIEW OF TEJT APPARATUS 
The electrical circuit to the left is that of the dynamic nick:- 
un element with dummy gage mounted on the cable end near tube, Elec- 
trical system to right is for the pressure change sensing element. The 
cable connections at lowerE left plug directly into the Hathaway 
MRC 16 control unit. 

Plastic diaphragms are inserted between the flanges of the divided 
pine between explosion chamber and flow tube. 
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